1. Introduction {#sec1}
===============

Molecular, structural and functional alterations of the basal ganglia are consistently described pathophysiological features of Major Depressive Disorder (MDD) and remain central to current neurobiological models ([@bb43; @bb44]). Neuroimaging studies have reported reduced caudate and putamen volumes in MDD patients ([@bb5]; [@bb32]; [@bb35]) as well as reduced activation of basal ganglia regions during reward based learning and stimulus provocation ([@bb41]; [@bb48]; [@bb51]; [@bb52]). Regarding the latter, functional imaging studies primarily implicate alterations of ventral striatal--prefrontal circuitry as underlying core symptoms of the disorder including low mood, anhedonia and psychomotor retardation ([@bb43; @bb44]). These findings have been interpreted in line with the classical neuroanatomical schema of topologically organized ventral ("affective") versus dorsal ("cognitive") corticostriatal circuits ([@bb1]; [@bb25]; [@bb42]).

As highlighted in a recent review of functional magnetic resonance imaging (fMRI) studies ([@bb31]), there is an emerging and specific research focus on the neurobiological correlates of adolescent and young adulthood-onset depression; the developmental period that coincides with the peak age of onset of the disorder ([@bb4]). Task-based fMRI studies of such populations suggest that there may be especially pronounced changes in ventral striatal function during the early stages of the disorder ([@bb7]; [@bb19]; [@bb17]; [@bb47]). Specifically, young depressed patients have demonstrated blunted ventral caudate/nucleus accumbens and putamen activation in the context of reward-based learning together with predominantly increased activation of ventral medial prefrontal, anterior cingulate and orbitofrontal cortical regions --- all major components of the so-called "ventral-affective" corticostriatal circuit. Pre-treatment ventral striatal and medial prefrontal cortex activation have been found to predict treatment response to psychotherapy and medication in this population ([@bb18]). Taken together these studies imply system-wide disturbances in the integrated function ("functional connectivity") of ventral corticostriatal regions in youth onset depression, although few studies to date have confirmed this notion directly.

Resting-state fMRI has emerged over the past decade as a powerful tool for examining the large-scale organization and functional connectivity of brain networks in healthy and clinical populations ([@bb20]). It has been successfully used to map brain corticostriatal circuits in vivo, providing clear and compelling evidence for the existence of functionally organized dorsal and ventral circuits as well as specific alterations across diverse neuropsychiatric disorders including obsessive--compulsive disorder ([@bb27]; [@bb26]), psychosis ([@bb9]), autism ([@bb12]) and depression ([@bb22]). Perhaps surprisingly, evidence has emerged in support of primary functional connectivity alterations involving dorsal as opposed to ventral corticostriatal circuits in adults ([@bb22]) and young ([@bb23]) depressed populations. Specifically, [@bb22] reported decreased functional connectivity between the ventral striatum and subgenual anterior cingulate cortex in adult depressed patients, but increased connectivity between the dorsal caudate and dorsolateral prefrontal cortex. By contrast, [@bb23] reported increased connectivity between dorsal and ventral striatal regions and the dorsomedial prefrontal cortex in medication-free adolescents (12--19 years) with depression. Collectively, these findings challenge the notion of ventral regions being the primary site of basal ganglia alterations in MDD ([@bb8]; [@bb11]; [@bb28]; [@bb47]; [@bb55]). However, considering the non-overlap of findings between these two existing studies, and the inconsistent evidence for the nature of striatal connectivity abnormalities in young depressed patients, further examination appears warranted.

The aim of the current study was therefore to systematically examine corticostriatal network alterations in a well characterized sample of young people with moderate-to-severe MDD. Clinically milder cases were excluded from this analysis as we suspect that the broader range of illness severity represented in past studies may have contributed to the inconsistency of results. To achieve a more homogenous sample, all patients were medication-free at the time of the imaging assessment similar to [@bb23], but distinct to [@bb22] who examined medicated patients. As indicated above, our primary intention was to address the nature of dorsal versus ventral corticostriatal alterations and the prevailing hypothesis that depression is primarily associated with changes in ventral-affective corticostriatal circuits.

2. Methods and materials {#sec2}
========================

2.1. Participants {#sec2.1}
-----------------

Twenty-one depressed patients (mean age 19.3, S.D. ±2.5) and 21 age, gender, education and estimated IQ-matched healthy subjects (mean age 19.2, S.D. ±2.3) were recruited from an ongoing larger study ([Table 1](#t0005){ref-type="table"}). Each participant\'s MRI data included here satisfied our imaging quality control criteria (see below). Patients were recruited from three specialized youth mental health clinics in Melbourne, Australia. All patients were between the age of 15 and 24 years old, in accordance with the youth focus of these mental health services. Patients had a primary diagnosis of Major Depressive Disorder determined by the Structured Clinical Interview for DSM-IV (SCID; [@bb15]). Exclusion criteria included current or past diagnosis of a psychotic disorder, bipolar disorder, substance dependence disorder, pervasive developmental disorder or intellectual disability. Depression severity was assessed with the Montgomery--Åsberg Depression Rating Scale (MADRS; [@bb38]), where a score ≥20 was required for study inclusion (see [Supplementary Table 1](#ec0005){ref-type="supplementary-material"} for further information). Healthy subjects were recruited through primarily online advertisements and were confirmed to be without current or past diagnosis of an Axis I psychiatric or neurological disorder. Participants were excluded if they were being treated with psychoactive medication or were pregnant, which was confirmed with a urine pregnancy test. All participants (and their parents if \<18 years of age) provided written informed consent to complete this study after a complete description of its protocol, which was approved by the Melbourne Health Human Research Ethics Committee.

2.2. Image acquisition {#sec2.2}
----------------------

A 3T Signa Excite system (General Electric) equipped with an 8-channel phased-array head coil was used in combination with ASSET parallel imaging (Sunshine Hospital, Western Health, Melbourne). The functional sequence consisted of a Single shot gradient recalled EPI sequence with a parallel imaging ("ASSET") in the steady state (repetition time, 2000 ms; echo time, 35 ms; and pulse angle, 90°) in a 23-cm field of view, with a 64 × 64-pixel matrix and a slice thickness of 3.5 mm (no gap). 36 interleaved slices were acquired parallel to the anterior--posterior commissure line with a 20° anterior tilt to achieve more optimal coverage of ventral brain regions. The total sequence time was 8 min, corresponding to 240 whole brain echo-planar imaging volumes. For this sequence, participants were instructed to simply relax, stay awake and to lie still without moving, while keeping their eyes closed throughout. A high-resolution T1-weighted anatomical image was also acquired for each subject to assist with functional time-series co-registration using the following 3D BRAVO sequence: 140 contiguous slices; repetition time, 7900 ms; echo time, 3000 ms; flip angle, 13°; in a 25.6-cm field of view, with a 256 × 256 pixel matrix and a slice thickness of 1 mm (no gap). To assist with noise reduction all participants used foam insert earplugs. To assist with head immobility, foam-padding inserts were placed around the participants head inside the coil.

2.3. Image pre-processing {#sec2.3}
-------------------------

Imaging data were transferred and processed on a Linux platform running MATLAB version 8.2 (The MathWorks Inc, Natick, Mass). Preprocessing was performed with Statistical Parametric Mapping software (SPM8; Wellcome Trust Centre for Neuroimaging, UK). Motion correction was performed by aligning each participant\'s time series to the first image using least squares minimization and a six-parameter (rigid body) spatial transformation. Participants\' data were excluded if movement in the translational or rotational planes exceeded 2 mm or 2°, respectively. These realigned functional images were then co-registered to each participant\'s respective T1 anatomical scan, which were segmented and spatially normalized to the International Consortium for Brain Mapping template using the unified segmentation approach (re-sliced to 2 mm isotropic resolution). Functional images were smoothed with a 6-mm (full-width, half maximum) Gaussian filter.

2.4. Functional connectivity analysis {#sec2.4}
-------------------------------------

Resting-state striatal functional connectivity was assessed using a multiple region of interest ("seed-based ROI") method adapted from [@bb13], and replicated by our group ([@bb9]; [@bb21]; [@bb27]; [@bb26]). Briefly, 4 striatal seed ROIs were defined in both hemispheres as 3.5 mm radial spheres at the following stereotaxic coordinates: dorsal caudate (x = ±13, y = 15, z = 9); ventral striatum/nucleus accumbens (z = ±9, y = 9, z = --8); dorsal caudal putamen (x = ±28, y = 1, z = 3) and the ventral rostral putamen (x = ±25, y = 8, z = 6). To reproduce the work of [@bb13] showing segregated dorsal and ventral striatal functional connectivity maps, two additional seeds (of no interest) were placed in the ventral caudate superior (x = ±10, y = 15, z = 0) and dorsal rostral putamen (x = ±25, y = 8, z = 6). In addition to our signals of interest, we derived estimates of white matter, CSF and global signal fluctuations for each subject by segmenting each subjects\' anatomical scan. Each tissue type was thresholded at 50% tissue probability and binarized to create three nuisance variable masks. Although it has been suggested that the removal of the global signal can induce negative or anti-correlated relationships between brain regions ([@bb39]), there is good evidence that the removal of the global signal significantly improves the specificity of resting-state fMRI results, particularly for positive correlations (see [@bb53] for a detailed analysis and an extensive list of supporting evidence). Signals were then extracted for each seed region and nuisance mask by calculating the mean ROI value across the times series for each participant.

Functional connectivity maps were estimated for each striatal region for each participant by including the striatal region time series and nuisance signals as predictors of interest and no interest, respectively, in whole brain, linear regression analyses in SPM8, conduced separately for each hemisphere. A high-pass filter of 128 s was used to remove low frequency drifts. Each of the 3 nuisance covariates were fully orthogonalized (using an iterative Gram-Schmidt method) and then removed from each seed\'s time-series along with 6 head-motion parameters (3 translation, 3 rotation estimates) by linear regression, resulting in a general linear model that comprised 6 "noise-cleaned" seeds and 9 nuisance variables ([@bb27]). Contrast images were generated for each participant by estimating the regression coefficient between all brain voxels and each regions\' time-series, respectively.

For second-level, between-group analyses, a random-effect 2 × 2 \[Group (control, MDD)\] × \[hemisphere (left seed, right seed)\] factorial design was used in SPM8. Within-group statistical maps were thresholded at a false discovery rate (FDR) of *p* \< .05 for the whole brain ([Fig. 1](#f0005){ref-type="fig"}). As an additional control for residual head motion influences, the mean inter-scan motion (calculated as the mean displacement between volumes across the scan) for each subject was included as a covariate in the second-level analysis as per [@bb53] and extensively detailed in [@bb45]. Each 2nd level model was also covaried for age and gender. Between-group effects (main effects of group and group × hemisphere interactions) were performed by implicitly masking t-contrasts with a global conjunction mask that consisted of the within-subjects effect calculated for both groups for the combined left and right hemisphere maps for each of the four seeds, respectively. Between-group contrasts were thresholded using a *p* \< .05 (FWE) cluster-wise corrected threshold determined using a permutation-based framework (1000 permutations with a cluster-forming threshold of *p* \< .001) as implemented in the REST toolbox ([@bb49]). Using this method, AlphaSim simulates the data based on the smoothness of the data and assigns a cluster-extent value above which results are considered significant and not due to chance. The size of the cluster reflects the extent to which each of the striatal subregions are functionally and anatomically connected, and therefore, larger ROIs will yield a larger connectivity profile. The minimum estimated cluster-sizes for significant connectivity with each striatal seed were: dorsal caudate, 30 voxels; ventral caudate/nucleus accumbens, 12 voxels; dorsal (caudal) putamen, 15 voxels; and ventral (rostral) putamen, 6 voxels.

To summarize, the following procedures were adopted to correct for the confounding effects of motion on functional connectivity measures: i) exclusion of participants with excessive movement, determined as greater than 2 mm or 2° in the translational or rotational planes respectively, ii) inclusion of motion parameter estimates in the first-level models, and iii) correction of mean inter-scan head motion in the second-level between-group analysis.

2.5. Relationships with clinical variables {#sec2.5}
------------------------------------------

To examine the relationship between striatal functional connectivity and clinical measures of depression severity in patients, we performed a multiple linear regression analysis between total MADRS score and connectivity of the four seed region connectivity maps. The correlations with each of the seeds were masked by each respective within-group connectivity map. All results were displayed at *p* \< .05 cluster-wise corrected using a permutation-based framework (1000 permutations with a cluster-forming threshold of *p* \< .01) as implemented in the REST toolbox ([@bb49]). The minimum estimated cluster-sizes were: dorsal caudate, 181 voxels; ventral caudate/nucleus accumbens, 116 voxels; dorsal (caudal) putamen, 130 voxels; and ventral (rostral) putamen, 82 voxels.

3. Results {#sec3}
==========

3.1. Within-group {#sec3.1}
-----------------

Across the four striatal regions, both patients and controls showed dorsal and ventral striatal functional connectivity patterns that were broadly consistent with previous studies ([@bb9]; [@bb13]; [@bb27]) recapitulating known patterns of anatomical connectivity ([@bb1]; [@bb25]) (see [Fig. 1](#f0005){ref-type="fig"}).

For the dorsal caudate, both groups showed connectivity with dorsal prefrontal and parietal lobe regions including the dorsal medial frontal gyrus, lateral and inferior frontal cortex, and parietal cortex. There was also connectivity with primary and secondary motor cortices including pre-motor cortex and supplementary motor area. Overall the pattern of dorsal caudate connectivity overlapped in both groups, although connectivity with frontal regions was clearly more diffuse in patients. For the ventral caudate/nucleus accumbens, both groups showed connectivity with the medial and lateral orbitofrontal cortex, anterior cingulate cortex, globus pallidus and thalamus. For the dorsal putamen, both groups showed connectivity with primary and secondary motor cortices including premotor cortex and supplementary motor area as well as the precentral and postcentral gyrus, the insula and brainstem regions including the thalamus. The ventral putamen was associated with connectivity in the dorsal anterior cingulate, the inferior parietal cortex and superior temporal gyrus in both groups.

3.2. Between-group {#sec3.2}
------------------

Comparison of the depressed group and healthy control group revealed significant differences in functional connectivity with respect to the dorsal caudate seed only. Specifically, depressed patients showed a diffuse pattern of increased connectivity between the dorsal caudate and ventrolateral prefrontal cortex bilaterally (left cluster peak coordinates x = −24, y = 54, z = 0; cluster size = 105 voxels; T(1,78) = 4.03; right cluster peak coordinates x = 34, y = 52, z = --6; cluster size = 32 voxels; T(1,78) = 3.82) ([Fig. 2](#f0010){ref-type="fig"}). There were no significant between-group differences for the ventral striatum, dorsal or ventral putamen seeds, nor were there any group × hemisphere interactions.

3.3. Brain--behaviour correlations {#sec3.3}
----------------------------------

A significant positive correlation was found between dorsal caudate functional connectivity and overall depression severity (total MADRS score). Specifically, greater functional connectivity between the dorsal caudate and a region of the right dorsolateral prefrontal cortex predicted greater severity (peak coordinates x = 22 y= 46; z = 36; cluster size = 185 voxels; *T* = 3.8; [Fig. 3](#f0015){ref-type="fig"}).

4. Discussion {#sec4}
=============

It remains unclear whether alterations in dorsal or ventral corticostriatal circuits are the primary site of basal ganglia functional alterations in depression, particularly in its early stages. We have identified specific alterations implicating the dorsal "cognitive" corticostriatal circuit, with young depressed people exhibiting increased functional connectivity between the dorsal caudate nucleus and ventrolateral prefrontal cortex bilaterally. Increased depression severity was associated with the magnitude of dorsal caudate functional connectivity with right dorsolateral prefrontal cortex, although this region was not significantly altered in the patient group.

The results of this study provide further evidence for a role of the striatum in the pathophysiology of depression ([@bb7]; [@bb10]; [@bb19]; [@bb17]; [@bb47]). Our findings also add to the emerging literature in youth depressed populations by showing that alterations in dorsal striatal connectivity are evident at the early stages of illness and are not a result of antidepressant treatment. Our results are partially consistent with the findings from an adult MDD study ([@bb22]), which showed dysconnectivity between the dorsal caudate and lateral prefrontal cortex in MDD patients. However in contrast to [@bb23], who reported increased connectivity between dorsal and ventral striatal regions with dorsomedial PFC in an adolescent MDD sample, we did not find any alterations with the dorsomedial PFC, nor did we find any differences in ventral corticostriatal circuits. In addition, [@bb23] reported correlations between illness severity and connectivity between predominantly ventral striatum with midline regions. In contrast we found illness severity to be associated specifically with dorsal caudate--dorsolateral prefrontal connectivity. However the observed correlation in our study needs to be interpreted cautiously as this region was not identified as being significantly altered in our depressed group.

As stated above, patients showed diffuse frontal connectivity with the dorsal caudate compared to controls. This pattern of connectivity was much more expansive in patients, particularly in the right hemisphere. We did not see this pattern of connectivity in controls; in contrast, connectivity was confined to more dorsal prefrontal regions in controls. These findings are in line with studies of healthy populations using the same method that have shown dorsal caudate connectivity with more dorsal prefrontal and anterior cingulate regions ([@bb9]; [@bb13]; [@bb21]; [@bb27]; [@bb26]). Lateral regions of the prefrontal cortex are generally considered as playing an integral role in higher-order executive functions including working memory and the regulation of emotion through cognitive control processes including cognitive reappraisal ([@bb6]; [@bb14]; [@bb54]). The ventrolateral prefrontal cortex in particular, is thought to mediate 'affective' regulation processes at the interface of cognition and emotion, such as inhibiting irrelevant emotional distracter stimuli that compete for cognitive resources ([@bb2]; [@bb14]). The ventrolateral prefrontal cortex plays an integral role in the cognitive reappraisal of emotion, a process that a) involves modifying appraisal strategies in working memory ([@bb37]) and b) is disturbed in depression ([@bb3]; [@bb16]; [@bb29]). Thus taken together, one tentative hypothesis is that our findings reflect a compensatory response to reappraise emotional material and filter negative information in working memory in young people with depression.

The fact that perturbations in functional connectivity of the ventrolateral prefrontal cortex are evident in youth depression may also reflect altered neurodevelopment of the prefrontal cortex. Adolescence is characterized by rapid cortical maturation (increased synaptic pruning, increased myelination and neuronal plasticity) ([@bb24]; [@bb46]; [@bb50]) of neural regions implicated in reward processing and emotion regulation including both dorsal and ventral divisions of the lateral prefrontal cortex ([@bb46]). A more diffuse and less localized pattern of neuronal connectivity between the dorsal caudate, which is usually associated with cognitive processes, and the more affectively related ventrolateral prefrontal cortex may reflect altered development of these circuits or a compensatory response for dysfunctional cognitive-emotional processing in youth depression. It is also plausible that the increased dorsal caudate connectivity with the ventrolateral prefrontal cortex that we observed in patients reflects a ventral system alteration. While we interpret these differences as reflecting a primary dorsal network alteration, directionality cannot be inferred from these analyses alone. Indeed, it could be argued that ventrolateral prefrontal cortical changes themselves represent a primary ventral network alteration being driven by ventral corticostriatal loops. Taking this view, our results demonstrate some consistency with previous reports of ventral corticostriatal changes in studies of youth MDD ([@bb7]; [@bb19]; [@bb17]; [@bb23]; [@bb47]) and extend upon them by showing direct alterations in corticostriatal connectivity.

An important issue that this study did not address is the effects of developmental stage on brain connectivity. Although we chose to include patients from 15--24 years old to encompass early adolescence to early adulthood, as stated above, this age range does encompass a time of rapid neurodevelopment ([@bb24]; [@bb46]; [@bb50]). Although we did covary for age in our analyses, it will be important for future studies to address the effects of cortical maturation and puberty on brain connectivity in adolescents at-risk for MDD. In addition, we did not include a urine toxicology screen to assess for active substance use, and therefore we cannot rule out potential drug effects on our functional connectivity results. Finally, we did not include a specific measure of anhedonia. Anhedonia is a core symptom of youth MDD ([@bb33]) and has been found to predict later MDD ([@bb40]). Correlations between anhedonia and striatal activity and connectivity have been reported in both adult ([@bb30]) and adolescent ([@bb23]) MDD. Given the complex interplay between anhedonia, decision-making about reward, and the corticostriatal loops mediating reward processes ([@bb34]; [@bb36]), future studies examining corticostriatal circuits connectivity and associations with anhedonia will be important.

In summary, our systematic examination of dorsal and ventral corticostriatal connectivity in youth MDD shows evidence of abnormalities that are confined to the dorsal corticostriatal circuit. The increased connectivity between the dorsal caudate and bilateral frontal regions implicated in emotional regulation suggests a compensatory mechanism at the early stage of the illness, or perhaps altered neurodevelopment of the ventrolateral prefrontal cortex. Future studies examining how the development of frontostriatal systems contributes to depression vulnerability will help elucidate biomarkers of the illness and inform neurobiological models of the disorder.

The following are the supplementary data related to this article.Supplementary Table 1Clinical characteristics of MDD patients.

Supplementary data to this article can be found online at [http://dx.doi.org/10.1016/j.nicl.2014.12.017](10.1016/j.nicl.2014.12.017){#ir0005}.
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![Significant within-group (seed effect) functional connectivity maps of the dorsal caudate (DC), ventral striatum (VSi), dorsal caudal putamen (PTdc) and ventral rostral putamen (PTvr). Green indicates control subjects; red, patients with MDD and yellow represents the overlap. R, Right hemisphere; L, left hemisphere. Sagittal slices are displayed at ±6 (DC), +6 and −5 (VSi), ±5 (PTdc) and ±9 (PTvr).](gr1){#f0005}

![*Z*-score statistical maps showing significant between-group differences in corticostriatal functional connectivity of the DC seed. Left: rendered coronal image displaying the region of bilateral ventrolateral prefrontal cortex that had increased connectivity with the DC in MDD vs. controls. Right: axial slices showing the full extent of both the left and right ventrolateral clusters. R, Right hemisphere; L, left hemisphere. Coronal slice displayed at y= 53. Results are displayed at *p* \< .001, uncorrected.](gr2){#f0010}

![Relationship between depression severity and DC connectivity in depressed youths. Left: rendered sagittal image showing the cluster in right dorsolateral prefrontal cortex that was associated with illness severity, Ke = 185, *p* \< .05 (FWE) cluster-wise corrected. Right: scatter-plot showing the significant association between MADRS total scores and connectivity between the dorsal caudate and right dorsolateral prefrontal cortex, *R* = .63, *p* = .001.](gr3){#f0015}

###### 

Participant demographics and clinical variables.

  -------------------------------------------------------------------------------------------------
                                         MDD           HC            Statistics      *p* value\
                                                                                     (two-tailed)
  -------------------------------------- ------------- ------------- --------------- --------------
  Age (years) (S.D.)                     19.3 (2.5)    19.2 (2.3)    *t*(40) = 0.1   0.9

  Female, % (*n*)                        52 (11)       52 (11)       χ^2^(1) = 1.0   1

  Education, mean years (S.D.)           12.1 (1.9)    13 (1.6)      *t*(40) = 1.5   0.4

  WTAR, mean (S.D.)                      104.7 (8.2)   107.8 (7.5)   *t*(40) = 1.2   0.6

  MADRS score, mean (S.D.)               33.7          --                            

  First episode of depression, % (*n*)   33 (7)        --                            

  Median length of episode (weeks)       20            --                            

  Co-morbid anxiety disorder, % (*n*)    71 (15)       --                            
  -------------------------------------------------------------------------------------------------

MDD, Major Depressive Disorder; HC, healthy controls; WTAR, Wechsler Test of Adult Reading; MADRS, Montgomery--Åsberg Depression Rating Scale; S.D., standard deviation.
